Abstract: We experimentally demonstrate a single-pumped, nondegenerate phase-sensitive parametric amplifier with a precise control of phase and amplitude of the in-going waves and investigate in detail its gain, attenuation and saturation properties in comparison with operation in phase insensitive amplifier (PIA) mode. We experimentally observe the variation of the gain and attenuation as a function of the relative phase, pump power and the signal-idler power ratio. The phase sensitive gain spectrum is studied over a 24 nm symmetrical bandwidth and we achieve a maximum phase sensitive amplification (PSA) gain of 33 dB. A departure from the theoretical maximum attenuation as the gain increases is observed and explained.
Introduction
Phase-sensitive amplifiers have long been known to offer the possibility of amplification with a noise figure (NF) below the 3 dB quantum limit of their PIA counterparts [1] . In addition, considerable interest in them has arisen due to their potential for optical signal processing, including all optical phase regeneration of phase-encoded signals [2] [3] [4] , dispersion compensation [5] and coherent wavelength exchange [6] . By operating a PSA in saturation, simultaneous phase and amplitude regeneration of multilevel optical formats can be achieved [4, [7] [8] .
PSA in optical fiber systems can be achieved in a nonlinear optical loop mirror [9] . This interferometric loop configuration has been successfully used to demonstrate both sub-3 dB-NF [10] and phase-regeneration of phase-encoded signals [3, 4] . However, an interferometric PSA is inherently single-channel, and thus not compatible with wavelength-divisionmultiplexed (WDM) systems, and the possibility of achieving sub-3 dB-NF is complicated by their susceptibility to guided acoustic wave Brillouin scattering (GAWBS) [7] . PSA can also be implemented using four-wave mixing in a non-degenerate fiber-optic parametric amplifier (FOPA), avoiding the above two drawbacks of interferometric PSAs. A non-degenerate FOPA-based PSA requires the injection of three or four waves; one or two pumps, and a signal-idler pair, which then experience amplification or de-amplification. Several different signal-idler pairs can be phase-sensitively amplified at the same time. The interacting waves need to be phase-locked to observe this behavior, and three such phase-locked waves can be derived by using electro-optic modulation (EOM) of a narrow linewidth optical source, producing multiple sidebands locked to the carrier [5] . However, current EOM technology limits the bandwidth achievable via this technique to a few 100 GHz at best. A wideband PSA can be created by cascading two FOPAs, generating a phase-locked but conjugated idler in the first FOPA, and, with a mechanism for changing the relative phase among the waves in between, achieving PSA operation in the second one. This was first demonstrated in [11] , using a short dispersive fiber to introduce a wavelength-dependent phase shift through dispersion. The same method was used in [12] to demonstrate a sub-quantum limit NF of the PSA stage. However, it should be noted that the NF of the combined system will be limited by the 3 dB quantum limit of the PIA stage.
From simple theory [13] the maximum/minimum phase sensitive gain can be expressed as
=exp(±2gz), where G PIA is the phase insensitive gain, g is the parametric gain coefficient and z is the fiber length. Thus, the parametric attenuation of the quadrature phase component should be the inverse of the gain of the in-phase component. In addition, the maximal phase sensitive gain should be four times larger than the phase insensitive gain. A PSA with an attenuation that is not the inverse of the gain will have an impaired noise figure and phase-regeneration performance. In this paper, we present the detailed characterization results of the PSA's and PIA's behavior, including corresponding gain, attenuation and saturation performances, which were preliminarily reported in [14] . We also discuss possible causes of the observed compromised phase dependent attenuation and show measurements of the PSA as a black box device in which signal gain can be altered by varying the power of the internal pump and idler waves. The experimental setup is shown in Fig. 1 . A tunable laser (TL) set at 1553.0 nm was used as a pump source. Unless stated otherwise the pump was phase modulated with four RF tones at approximately 100, 300, 900 and 2700 MHz, increasing the pump linewidth up to 10 GHz to suppress Stimulated Brillouin Scattering (SBS). The pump was then amplified to 3.8 W by EDFA1, and filtered by a 2 nm-bandwidth optical bandpass filter (OBPF) to suppress generated amplifier spontaneous emission (ASE). A second tunable laser was used as the signal source and the pump and signal were coupled via a 10 dB coupler into FOPA1, see Fig.1 , where a conjugated idler is generated by the four wave mixing process. FOPA1 was implemented using a 150 m long highly nonlinear fiber (HNLF), with a nonlinearity coefficient of 10 (W·km) -1 and zero-dispersion wavelength (ZDW) of 1542 nm. The output, consisting of three phase locked waves, was then passed through a 10 dB coupler, a polarizer and a variable optical attenuator (VOA). The polarizer provided a polarization reference for all three waves going into FOPA2 and ensured that the signals were aligned with the principal axis of EDFA2 in order to minimize the differential group delay (DGD) in EDFA2. After the polarizer, the waves were subsequently passed through an optical processor (Opt. Proc., Finisar Waveshaper 4000E) by which the desired relative amplitudes and phases could be set. The processor also allowed for very narrow filtering of the pump wave, removing any residual ASE. The three waves were then amplified by EDFA2 up to 2 W, with the pump signal completely dominating the power, and injected into FOPA2. FOPA2 was implemented with a 250 m HNLF with nonlinear coefficient of 11.7 (W·km) -1 and a ZDW of 1542 nm. The input into and output from FOPA2 were monitored on two optical spectrum analyzers (OSAs) via two 20 dB couplers.
Experimental setup
The PSA gain or attenuation is governed by the total relative phase, φ rel , among the three interacting waves. It is defined as φ rel =2φ p -φ s -φ i , with φ p , φ s and φ i being the absolute phases of the pump, signal and idler waves, respectively. φ rel is constant after FOPA1, regardless of the changes in phase of the input waves, since FOPA1 is phase-insensitive. Note, however, that any wavelength dependent effects, such as dispersion, between FOPA1 and FOPA2, will change the φ rel value at the input of FOPA2. By changing the phase of one or more of the waves with the optical processor, φ rel at the input of FOPA2 can be set to an arbitrary value. Fig.1 shows a schematic illustration of the phases of the various waves as they propagate through the system components. In the experiment we chose to change φ rel , adding φ opt to the pump phase, i.e. φ p' =φ p + φ opt , where φ p' is the pump phase after the optical processor. The idler wave can also be blocked entirely in the optical processor, changing the FOPA2 operation from PSA to PIA. With the signal laser off and the optical processor configured so as to couple the parametrically amplified ASE from FOPA1 into FOPA2, it is possible to quickly characterize the system in terms of bandwidth, peak gain, and with limited accuracy, phase sensitivity. Fig. 2 shows output spectra from FOPA2 using pump power levels of 1.2 W and 2 W in FOPA2, while keeping constant the pump power in FOPA1. The symmetric gain peaks can be seen around 1563 and 1543 nm, with the bandwidth being slightly more with the stronger pump. Because the input ASE signal was attenuated by 10dB between the two stages in the 2W pump case in order to suppress saturation in FOPA2 the absolute increase in the peak gain from 1.2 to 2 W pumping for FOPA2 cannot be determined from Fig. 2 alone. The ripple in the curves is a clear sign of PSA, with dispersion between the two FOPAs causing a wavelength dependent relative phase modulation [8] . As the dispersion-induced phase scales quadratically with wavelength, the rippling effect becomes greater as detuning from the pump increases. It is also worth noticing that, contrary to expectations, the difference between maximum and minimum gain is reduced in the case of higher pump power. An explanation for this behaviour will be discussed below. Fig. 3 shows the variation of gain as a function of the relative phase for a signal at 1 nm detuning from the pump at three different pump power levels, 0.6, 1.2 and 2 W respectively. The signal and idler powers were equalized and kept 30 dB lower than the pump. Care was taken to ensure that any slow gain or polarization drifts in FOPA1 which propagate through to FOPA2 were periodically compensated for by adjusting the optical processor's setting. At lower pump power, and consequently lower gain (circles), the maximal amplification is the same as the maximal attenuation (11 dB at 0.6 W pump power). However, as the pump power increases, this behavior is lost. The theory [13] predicts that the PSA gain varies sinusoidally with the relative phase as can be seen in Fig. 3 . However, on a logarithmic (dB-) scale, the parametric attenuation peak (or gain "dip") will be significantly narrower than the gain peak, and far more so for high PSA gain/attenuations. Consequently, more stringent phase control is required to observe the increased maximal attenuation at higher gains and there is reduced tolerance to phase disturbances introduced by noise or wavelength jitter.
Results
To study the sensitivity of the PSA to the signal and idler power ratio, the idler was systematically attenuated compared to the signal and the signal phase dependent gain recorded, as shown in Fig. 4 . As expected, as the signal becomes significantly greater than the idler, the maximal gain and attenuation decrease and approach the gain of the PIA. Furthermore, the maximal attenuation drops off much faster than the maximal gain. It is worth noting that in Fig. 4 , a signal/idler relative fluctuation of 1dB from the 0 dB optimal point would lead to a fluctuation in the phase dependent extinction of 7.5 dB, of which 7 dB would be due to reduced PSA attenuation, and only 0.5 dB due to reduced maximal PSA gain. Such a fluctuation would have an impact on the device noise figure due to the reduction in squeezing achieved.
The pump power was varied and the phase dependent gain recorded as shown in Fig. 5 for a signal at a 1 nm detuning from the pump. As the pump power increases, the maximum phase sensitive gain increases by approximately 1.5 dB/dB, and the maximum phase sensitive attenuation by -1.2 dB/dB. The difficulty in achieving the theoretical maximal attenuation further highlights the limited maximal attenuation demonstrable with this experimental technique. The difference between the maximal phase sensitive and the phase insensitive gain is also seen to approach 6dB beyond a pump power of 0.8W.
An investigation of the gain saturation properties of the PSA was carried out by increasing the signal/idler power, while keeping the input pump power constant at 1.2 W (still at 1 nm detuning from pump). The resulting FOPA2 gain is shown in Fig. 6 , with a measured PSA dynamic range of about 23 dB. Since the maximum gain achievable for the PSA case is higher, it saturates before the PIA gain as can be seen by the reduction in the PSA-PIA gain difference (triangles in Fig. 6 ) from the theoretical maximum of 6 dB. Additional measurements revealed no saturation for the minimum phase sensitive gain as would be expected. By moving the signal wavelength to 1563.8 nm, which corresponds to the PSA gain peak, and increasing the pump power to 2 W, we were able to achieve 33 dB of PSA gain. Because the ASE noise from EDFA2 at that pump power imposed relatively high minimum powers for the input signal/idler, we could not achieve unsaturated gain. The difference between PSA and PIA gain was therefore less than 6 dB. Nevertheless, PSA behavior was confirmed by changing the FOPA2 input relative phases and observing the output signal power variations. Fig. 7 shows the measured characteristics of the PIA gain, maximum PSA gain and maximal PSA attenuation of FOPA2 as the signal and idler wavelengths were detuned from the pump. The maximum PSA gain increases with detuning up to 19 dB at the gain peak for a pump power of approximately 1.2 W. The gain extinction is highest closest to the pump, and reduces steadily towards the PSA gain peak. This is due to a combination of phenomena. Firstly, as discussed earlier, as the maximal gain increases the tolerance required to achieve maximal attenuation becomes stricter. Secondly, the use of pump dithering to suppress SBS meant that the pump and idler had linewidths on the order of 10 GHz. This rapid variation in wavelength is translated to a rapid variation in phase through dispersion, and thereby distorts the relative phase. The tolerance to relative phase variations is lower closer to the gain peak (this can also be noted in the ripples in Fig. 2 , which increase as the signal wavelength detuning increases). In addition, the polarization mode dispersion (PMD) in EDFA2, which was estimated to be around 0.5 ps will certainly have meant that the polarization states of the various waves relative to each other at the input to FOPA2 will have varied as the detuning was increased, leading to compromised phase dependent gain. Also, as the spacing in wavelength from the pump increases, longitudinal ZDW fluctuations act to randomly detune the relative phase between the propagating waves from that precise value required for maximal attenuation.
Conclusions
We have demonstrated a non-degenerate PSA that allows for precise control of the ingoing signal and idler powers, as well as the relative phase. We carried out a detailed study of the PSA gain and attenuation statically by varying the relative phase, signal/idler wavelength, pump power and signal/idler absolute power and power ratio. We measured a phase-sensitive gain of 33 dB, which we believe is the highest reported to date, and a PSA symmetrical operation bandwidth of 24 nm. We also investigated the saturation properties of the PSA, finding that the PSA saturates at lower input signal powers than the PIA, but the maximal attenuation remains unaffected, in accordance with theory. We also noted the large sensitivity of the parametric attenuation to fluctuations in both phase and power. A practical PSA requires this strict power and phase control dynamically, and emphasizes the need for the development of very high-performing phase-locking solutions, passive SBS suppression techniques so as not to broaden the pump linewidth, as well as the possible need for polarisation maintaining components for future PSA implementations. Achieving a large phase-sensitive attenuation is fundamentally more difficult than a large phase-sensitive gain, but is crucial in order to achieve both good phase regeneration and a noise figure approaching 0 dB, two of the most intriguing promises of phase-sensitive amplifiers.
